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ABST TRANSMISSION SYSTEM DEVELOPMENT FOR ELECTRON CYCLOTRON HEATING EXPERIMENTS OF A TOKAMAK PLASMA.
(U) THE HEATING OF TOKAMAK PLASMAS BY MICROWAVES AT ELECTRON CYCLOTRON FREQUENCY HAS BEEN THE SUBJECT OF INVESTIGATION
FOR SEVERAL YEARS BY SEVERAL GROUPS INCLUDING THE NAVAL RESEARCH LABORATORY (NRL). TO ENABLE ELECTRON CYCLOTRON HEATIN
G (ECH) TO PRODUCE SIGNIFICANY TEMPERATURE INCREASES, VTHE INCIDENT MICROWAVE POWER MUSY BE AS . OR
ANM, THE OHMIC HEATING POWER REQUIRED FOR THE TOKAMAK DISCHARGE. HOWEVER, ECH EXPERIMENTS ARE LIMNITED TO THE CURRENY
AILABLE MICROWAVE POWER. TO ADDRESS THE ISSUE OF MICROWAVE POWER, NRL DESIGNED, BUILY AND TESTED A HIGH POWER (APPROX.
300 KW) GYROTRON FOR OPERATION AT A 1 MICROSEC PULSE LENGTH. IN ORDER TO USE THIS SOURCE FOR ECH EXPERIMNENTS, A TRANDMI
SSION SYSTEM WAS DESIGNED AND BUILT THAT POLARIZED THE MICROWAVES FOR OPTIMAL HEATING EFFICIENCY AND COUPLED THEN INTO
THE TOKAMAK PLASMA WITH MINIMAL LOSS. THE DEVELOPMENT OF THE TRANSMISSION SYSTEM IS THE TOPIC OF THIS FINAL REPORT.
REPORT CONSISTS OF TWO PARTS. FIRST IS A PAPER DESCRIBING THE SUBJECT OF RIPPLED WALL MODE CONVERVERS FOR CIRQULAR
EGUIDES. THE SECOND PART IS A COMPILATION OF THE ENGINEERING DRAWINGS DEVELOPED FOR THE CONSTRUCTION OF THE ANTENNA OR
TRANSMISSION SYSTEM.
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I. INTRODUCTION

< “The heating of tokamak plasmas by microwaves at
electron cyclotron frequency has been the subject of inves-
tigation for several years by several groups including the
Naval Research Laboratory (NRL). To enable electron cyclo-
tron heating (ECH) to produce significant temperature in-
creases, the incident microwave power must be as strong as,
or stronger than, the ohmic heating power required for the
tokamak discharge. However, ECH experiments are limited to
the current avallable microwave power,

To address the 1issue of microwave power, NRL de-
signed, built and tested a high power (-300 kW) gyrotron for
operation at a'lbzgnMSSIse length. In order to use this
source for ECH experiments, a ¢transmission system was de-
signed and built that polarized the microwaves for optimal
heating efficiency and coupled them into the tokamak plasma
with minimal loss.

The development of the transmission system is the
topic of this Final Report. The report consists of two
parts. First is a paper describing the subject of rippled
wall mode converters for circular waveguides. The second
part is a compilation of the engineering drawings developed
for the construction of the antenna or transamission system.
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RIPPLED WALL MODE CONVERTERS FOR CIRCULAR WAVE-
GUIDES

ABSTRACT

We present the general theory of rippled wall mode
converters. Coupling coefficients for TE and TM waves, of
both fixed and rotating polarizations, are calculated. The
waveguide ripples considered may be axisymmetric, fluted or
helical. We describe in detail a 97 percent TEM/TEO1 con-
verter designed for use with a 35 GHz gyrotron. Cold test
results confirm its performance.

INTRODUCTION
Gyrotron oscillators are aefficient sources of high

power, mm wavelength radiation., Their output, however, is
often in a high order TEnm circular waveguide mode that is

not convenient to use in a variety of appllcationa‘. Thus,

it is desirable to transform the gyrotron output to a lower
order mode, ideally TEO1 or TE11. Due to the high powers
and frequencies involved, the process must, in general, take
place in overmoded waveguide.

One approach to mode conversion relies on the fact
that an arbitrary perturbation to an otherwise uniform wave-
guide causes <coupling between all waveguide modcsz. By
using a prescribed perturbation, with proper axial and azi-
muthal symmetry, efficient mode conversion oc¢an Dbde real-
1zod3’u. The perturbdbation is a ripple at the beat wave-
length between the input (gyrotron) mode and the desired

output mode (see Figure 1), An axisymmetric structure

B L
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preserves the azimuthal mode number while a fluted or heli-
cal structure can change both radial and azimuthal mode
numbers. The ripple couples all the modes, subject to azi-
muthal selectivity rules, but cocherent energy transfer oc-
curs only between the design modes. The incoherence of the
coupling between other modes provides for little net energy

transfer in a mode converter that is several ripple periods

long.

In this paper we present the general theory of
rippled wall mode converters. As in Reference 4, we employ
the coupled wave equations, but do not make the assumption

that all modes are far from cutoff. We further extend pre-

vious work3'u

to include both TE and TM waves and treat non-
axisymmetric equations that yield some insight and scaling
laws that are useful for a first order design. Finally, we
describe a Tgog/TEO1 converter for use with a > 300 kW, 35
GHz gyrotron ''. Cold test data 1is presented and compared

with calculated performance.
COUPLED WAVE EQUATIONS

Propagation in a slightly irregular waveguide can
be described by a set of coupled wave equations5 for the

(complex) amplitude, A of each mode (with temporal depen-

J)
dence el%%)
dA
B R )
3z 1ByAy * vy Kyt ap!
The coupling coefficients between modes, Kjk' de-
pend both on the type of perturbation and the type of modes

1nvolved2. The wavenumber, 8, is taken as appropriate for a

N
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uniform waveguide of the local average radius. We consider
only forward-going, propagating waves. Coupling to a back-
ward-going wave would be significant only for a mode going
through cutoff or for an abrupt change in c¢ross section.
There are two forms of perturbation with which we
are concerned here: non-rotating (NR) and rotating (R)
variations of the radius (flutes and helices, respectively)

a  + a, sin(kz)cos(q¢) {NR)

a(z) = | (2]
sin(kz-q¢) (R)

The non-rotating ripples will be wuseful for conversion be-
tween non-rotating modes [cos(n¢) (A®) or sin(ne) (A%) azi-
muthal dependence]; the rotating ripples will be useful for
right-hand and left-hand polarized rotating modes [(a¥ = (aA°
+ 1A%)Y/V/E; ¢ = 1 for axisymmetric modes, € = 2 otherwise].
For non-rotating modes in waveguide with non-rotat-
ing perturbations (NR/NR), the mode types decouple in pairs;
TEc/TMs and TEZ/TMC. No such decoupling occurs between
rotating modes 1in waveguide with rotating perturbations
(R/R). Writing H for the amplitudes of TE modes and E for
the amplitudes of TM modes, the coupled wave equations are:

NR/NR; TE°/TM®

dH
EEl - -18,H, E gsjﬁ’rg H, (D1 + D2 + D3 + D¥) +

TE/TM
SJk E

. (D1 + D4 = D2 - D3) | cos(kz) [3]
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N m

= -i8,E

. TM/TM
33 E{SJK k

E, (D2 + D3 - D1 - DU) +

sTM/TE y (D1 + D4 - D2 - D3) f cos (kz)

Jk K

NR/NR; TE /T™®

dH
3;1 -18H + ] {s§§’TE H, (D2 + D3 - D1 - D¥) +
K
S}E/TM Ek (D1 + D2 + D3 + Du4) cos (kz)
[4]
251 -1 .3 {sTH/TH (DY + D2 + a)
T - C18,E, gsjk E, (D1 + D D3 + DU) +
sgleE H, (D1 + D2 + D3 + Du)} cos(kz)
. R/R
T ant )
] T - 18 H] + 2’ sip/ T8 [ne(oae*t 2 p3eti?),
: n
3 H;(Duatikz+ Dile 1kz)] 'l“:."/'I‘M[E (D3et1kz+ D23¢1kz)
|
+ E; (D'leﬂ'kz + D1e”‘kz)]} (5]
agt -
T3t - 18,8} ) ’ [sTh ™Mz (p2e*  Zp3e 1K)
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p3e"t*%) -yt (puetl¥® . pretikz))|
where
) .
ﬁ € 1 (x - n )Z 1/2
STE/TE - g n jx2 nm gh ] .
jk 20 2 .2 Uemn LnT 7
gh nm gh . g nm
[ h' g )z mll]1/2 : ka1
nm 2 - n )z ao
gh
ka
GTE/TM /Eg [ ]1/2 ] (6]
Jk - n )Z
nm
€ 1 Z '
S'Jr:/'rn . /Ezg n > - “rzm (80172
"gh - wnm nm
2 (an)wz] ka,
gh zgh ao
g™/re | _ 8 /E;"n [ Zgn ]”2 ka,
Jk (xz - 32)2 3
gh nm
TE/TE TM/TM
S - } 0
13 513
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In equations [3] - (6],

D1 = § (q + n + g)

D2 =« § (q + n - g)

D3 = § (q - n + g)

D4 = § (q - n - g), (71
which provide azimuthal selectivity. The modes, their ap-
propriate zeroces and wave impedances, are:

™ ) 0; z Z.8

(w gh 0

gh’ g "gh

gh/B0

where Bo and Zo are the wavenumber and impedance for free
space propagation, respectively.

Axisymmetric modes can be considered as either
rotating or non-rotating modes. The TEOm (THOm) modes are
Hc (Ec) only, when considered NR/NR, but must be included as
both H' and H~ (E' and E”) in the R/R summations.

From Equation [6], we observe that modes near cut-
off couple strongly to all other modes as their impedance
approaches infinity (zero) for TE (TM) modes. Tight coupl-
ing of neighboring modes 1is indicated by the "resonance"

STE/TE T™/TM

denominators 1in 1K and sJk . We further note
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that TEOm modes do not couple to TM modes and, from Equation

{7], that axisymmetric ripples (q = 0) do not couple modes
with differing azimuthal mode numbers.

Complete characterization of a mode converter re-
quires numerical integration of the coupled wave equations
for each propagating mode. However, some insight and basic
scaling laws can be obtained by considering only the two
modes of interest, but allowing a mismatch between the beat
period of the waves and the period of the ripple (k = 8, -
B, *+ §).

The coupled wave equations are:

dA
1
35 - "i8,A, *+ C cos ((B2 -8, ¢ 6)z)A2
{91l
dA, .
33— = ~18,A, - C cos ((B2 - B, ¢+ s)z)A1

where C can be evaluated in terms of SJk for the proper wave
and perturbation types. Appropriate manipulation and aver-

aging over a scale length of half the ripple period yields

A1A1*(z) - . 3 [Cc'{1+cos[(cc'¢62 1/zz]}+2¢s ]
2(cc’ + &°)
(10]
cc"
Ayh, (2) prrr e cosl(cc” + §%)1/2:21),
2(cc

where all the energy is assumed to be in mode 1 at z « 0.
When there is no mismatch (§ « 0), all the energy is trans-
ferred to mode 2 at z, = %/C, the length of the ideal con-
verter. Defining the actual efficiency, n, as Azkz'(:c).
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the bandwidth and eriticality of dimension can be approxi-

mated by evaluating, at the design values,

2 2
an _ . 42n o 2z (gg]z 2 ac 2 (1]
ax ; o2 —2 ‘ax 2 |ax
axX L
where X is any parameter of interest (e.g., f, a a L =

2%/K).

ripples,

o' "1

For conversion between TEnm modes by axisymmetric
straight forward evaluation yields:

LEI xg - xf ’ > l:(x12- n2) 81 ]1/2
zZ = X .
¢ a By = By 2 (xg - n?) B,
) (xg - n2yg 172 1 .
X [ 2 2 2] ’
(x1 n )81
TR _r(BZ-Bl)
dr 2 2 2 2 172
[(e€ - £o,)(r fcz)]
2 2
f o
s [l e ]
0 0 (r fc1) (r° - fcz)
(12]
as _ 21
dL UZ
fa xf 2 2

Q'Q
la ile]
[ ]
=
OfA
w
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~
L ]
~b -
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w
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g :
L 2 2 _ 2
E E :3 [x1 n 1/23
; B2 xg -n
cod
|
; 2 2 2 2
; dc nﬂ3 £ a, 1 372 , il [xz nz.J 172 ) |
da, 2 Lag (8,8,) 1 x? - n :
; B
} 2 2 _ 2
; :g [:1 na] 1/2 } B
¥
i B2 ; - n aozc
b ac .
. da1 a1zc
.‘? H d—c-- LS
? 5 dL ch
-3 3' where tc - cxIZwao is the cutoff frequency for the unper- |
3 V} : turbed waveguide. For n = 0, the converter length is
3 3 A8
f N Z2 = "30 132 (13]
RN Tl P
. which is the proper scaling law for all x2>>n2.
’ From a more exact two mode analysis, that takes
[ account of the nonlinear dependence of wavenumber on wave-
; 4 o guide radius, we find that the optimal ripple period is
' slightly shorter than the beat period of the two modes {n

the unperturbed waveguide, L, [= 2x/(8, - ﬂ,)].

[
{ |
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where a = x or w for TE or TM waves, respectively. However,

when more than two modes are interacting, the nonresonant
energy exchange with the other modes can modify the phases
of the two modes of interest sufficiently to dominate this
correction. L should thus be varied both above and below L

0
to optimize the conversion efficiency.
TEOM/TEO1 MODE CONVERTER
The gyrotron we wish to wuse s a >300 kW, TEou

source which operates at 35,95 GHz6'7. The output radius is

2.54 cm, which is cutoff to the Teo6 mode and above. The
presence of the TE
TEOH to T501 because, as mentioned in the preceding section,
being both near cutoff and adjacent ¢to the TBOR' it inter-
agcts strongly. The converter {s therefore designed with a,
= 2.1 cm, with 2° tapers at either end. (Mode conversion in
tapers can bde analyzed in a fashion analogous to the above.)
The chosen ripple amplitude is a
32 ripple periods.

As an illustration of the last point in the preced-
ing section, we note that for this design, L. = 1,827 ca,

0
and, acoording to Equation [14], the optimized L = 1.822 cm.

0s mode {interferes with conversion of the

T * 0.05 cm which requires




If only the TE°1 and TE

ol modes are included {n the
numerical integration, the two rippled periods included, the
efficiencies drop to 95.9 percent and 89.1 percent. The
peak conversion efficiency is 98.7 percent at L = 1.832 cnm.
The characteristics of the conversion section are
summarized in Table 1. Including the tapers, the converter
is 80 cm long and 96.9 percent efficient., Figure 2 shows
the calculated normalized power in each mode as a function
of =z. Power is conserved ¢tc¢c 1 part in 105 in the

calculation,

TABLE 1. MODE CONVERTER DESIGN CHARACTERISTICS

INPUT OUTPUT f a a’ L b4 n FWHM
MODE MODE (GHz) (c8) (ecm) (em) (c8) (%) (GHz)

TE 34.95 2.100 0.050 1.832 658.0 08.7 0.042

01

Egy TEgq 1080.00 1.472 0.050 4.782 112.0 94.1 §.00

E 6 TE;Z 94,00 1.8%00 0.030 1.428 50.9 96.1 1.56
E,, TE,, 94,00 1.000 0.075 9.670 81.5 98.9 T.57

The frequency response, based on the two mode
result, Equation [10], which allows 100 percent conversion,
is shown in Figure 3 as the solid curve., The large number
of ripples makes the converter a very narrow band device. A
deviation of 60 MHz lowers the efficiency to 95 percent; the
FWHM is only 420 MHz. Using Equations [11] and [12], the
strictest machining tolerance s found ¢to be on the
unperturbed radius, ‘0' A variation of 0.0024 cm from the

~13~
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design value would 1limit the efficiency to 95 percent.
(This is a tolerance of +1.9 mil in the diameter, and is
readily obtainable.) The peak electric field for 300 kW in
the TEOM mode 1s 21.6 kV/cm, which does not present any
particular bdreakdown problems.

A mode converter of the above dimensions was elec-
troformed using a mandrell machined on a numerically con-
trolled lathe. For cold test purposes, a TEO1 mode was used
as the input, and the conversion to TEOu measured. The
various modes were distinguished by their far fileld radia-
tion patterns. [There are angles, determined by the Bessel
function roots, where each of the TeOm modes can be individ-
ually identiriede.] The measured conversion efficiency s
shown as the dashed curve in Figure 3. The agreement with
the simple model, even to the side lobes, is excellent. The
peak conversion efficiency is 96 t 5 percent and occurs at
the design frequency. This should be compared with the
efficiency calculated for conversion from TEo1 to TEOM'

which is 97.4 percent at 34,95 GHz.
DISCUSSION

It is often advantageous to use a waveguide that is
sufficiently large that both modes of interest are far from
cutoff. A TEOH/TEo1 converter for 140 GHz we designed il-
lustrates the considerations (see Table 1). Making a, small
enough to cutoff modes above the TEou limits the power hand-
ling capability and demands very tight machining tolerances.
Increasing a, slightly brings 1in higher order modes, near
cutoff, that couple strongly to the TEO“; the mismatch be-

tween the bdeat period and the ripple periods is insufficient
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to suppress their excitation. However, by increasing a

0
further, the modes near cutoff are far enough removed from

the TEO&
desired conversion. A final design that features broad

that no competing 1interaction "overwhelms" the

bandwidth, realistic¢c machining tolerances, high power hand-
ling capability and 94 percent conversion efficiency was
obtained for waveguide that propagates up to the TEO,13
mode.

It is not always practical to transform directly
between the modes of interest, as we have done above. As an
example, consider a TE16/TE11 converter at 94 GHz with a
power handling capacity of 1 MW (see Table 1). By following
the above prescription, we would have arrived at the design
of a mode converter that was several meters long. Instead,
by using the TE12

two mode converters, each of which feature all the desired

mode as an intermediate stage, we designed

characteristics, that together are 1less than 1.4 m long,
including a taper section that joins them.

We have shown that the rippled wall mode converter
is an efficient device for matching the constraints of high
power, high frequency mm wave production on the one hand,
and the constraints of transmission systems and final appli-
cations on the other hand. Based on the analysis presented
here it is possible to design éonverters that change the
azimuthal as well as radial mode numbers, the rotating or

non~-rotating characteristic of the wave, and even whether
the mode is TE or TM.
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III. ANTENNA DESIGN

A microwave antenna (transmission sSystem) was de-

signed and subsequently built at the Naval Research Labora- >
tory. The figures presented in this section are the compo- 3
nent design drawings with the assembly pictured in Figure -
18. There has been no attempt to draw the items to scale. 4

A brief discussion of each figure is given in the following
paragraph.

The main flange is shown in Figure 1. It has a
knife edge in the bottom to mate with the 4.5 inch conflat

port flange on ISX. The two holes drilled in the side are
for feeding the wire rope. The angles were calculated so

J VU WIS YO S W

that the wire rope feeds 1in tangentially and the holes miss
the conflat bolt circle. Hole A In the diagram feeds the

Iy

wire rope in/out at the bottom and is offset closer to the -
bottom of the flange. Similarly, hole B is the upper feed . 4
and is offset closer to the top of the flange. The notch -
for this hole is required for assembly.

The VESPEL bearing (Figure 2) sits in the bottom of
4 , the flange. It is half cut away for pumping. While this is

i

D S |

| free to spin, it is not intended to be rotating. The inten-

1.

ded bearing surface {s the upper asurface upon which the

PR

metal ring (Figure 3) rotates. The thin tip on the ring
points up and 1is welded ¢to the waveguide, supporting its

{—-1

weight.
The wire rope that turns the antenna feeds onto the

e

VESPEL spool shown in Figure U, The rectangular notch in
the side accepts the 1insert (Figure 5) which is welded to
the wire rope at the hole (A). The interior notches in the
spool rotate the antenna via tabs welded onto the antenna.

.

V =20~
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DETAIL A - NO SCALE

MATL: 304 ST STL
QTY: 1
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The upper part of the spool which supports the antenna
against canting, is half cut away for pumping purposes. The
gap between the outer edge of the spool threads and the
interjor of the flange is 0.10-0.11, which should keep the
wire rope from jumping out of the thread while still allow-
ing satisfactory pumping.

The tubes and flanges (Figures 6 and 7) connect
holes A, B in the main flange (Figure 1) with the bellows
that provide the flexible coupling to the outside world.

The waveguide itself is made 1in three main parts.
The long tube (Figure 8) 1is attached to the step-plate re-
flector (Figure 9) and then to the extension (Figure 10).
The tabs (Figure 11) are welded onto the waveguide near the
top and lock with the notches 1in the VESPEL spool (Figure
4.

The "armor" shown in Figure 12 is a 0.12% inch wall
tube with a hole cut out, through which the antenna radi-
ates. The rods (Figure 13) are welded into holes A and B in
the armor. The remaining pieces (Figures 14-16, and weld-
ment Figure 17) make up the support for the armor and con-
nect to the pivot on the tokamak floor. The holes in the
upper piece (Figure 14), which is welded to the armor, pumps
the space under the antenna extension., Figure 18 represents
the assembled antenna showing the BeO window and the micro-
wave mirror used to out couple the radiation.
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